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Text S1  
Density function theory calculation 
 The formation of oxygen vacancy enhanced by Co doping is confirmed by our spin-
polarized density functional theory calculations with the LDA+U approach1. The 
calculations were performed using the Vienna Ab-initio Simulation Package (VASP)2-3 
with projector augmented wave (PAW) pseudopotentials4-5 and The Perdew–Burke–
Ernzerhof (PBE) exchange-correlation functional6. We use a 3x2 supercell of anatase (101) 
surface. The 3x3 Monkhorst-Pack k-points7 and 400 eV plane-wave cutoff were used to 
fully relax the system until the final force on each atom is less than 0.01 eV/Å. U = 3.5 eV 
and 3.3 eV are used for Ti and Co d electrons, respectively8-9 The topmost Ti and O layers 
of (101) plane are under coordinated, and hence are the most favorable sites for doping or 
defects generation.  The relative formation energy (Erf) of the Ov is calculated as: 
 Erf = E (CoTi + Ov) – E (CoTi) – [ E(Ov) – E0] (1) 
where E0 is the energy of a pristine surface, CoTi means the surface contains Co which 
substitutes Ti. The Erf thus characterizes the effect of Co doping on Ov formation. 
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Electrochemical impedance analyses 
 Electrochemical impedance analyses of NTA electrodes were performed in a mixture 
of aqueous solutions containing 50 mmol L-1 K3Fe(CN)6, 350 mmol L-1 K4Fe(CN)6, and 
1.0 mol L-1 KCl.  The sample, a Pt mesh and a Pt wire were used as the working electrode, 
counter electrode and reference electrode, respectively. The frequency range used in the 
measurement was 30 kHz to 0.1 Hz. The solution was quiescent and was kept in the dark 
during the measurements without agitation.  The EIS equivalent circuit model used to 
model the TiO2 nanotube structure in this electrochemical environment. 
 Ru + Cd/Rct (2) 
Where Ru is the solution resistance, Rct is the kinetically controlled charge transfer 
resistance, Cd is the double layer capacitance. 
 The reverse-bias dependence of the area-normalized semiconductor depletion-region 
capacitance (Cdl) is given by the Mott-Schottky relation: 
  !"#$% = ' ()%*+#,-,./ '𝜙1 − 𝑉4 − 567* − 𝑉899/                            (3) 
where A is the area of the device, Nd is the donor impurity concentration in the 
semiconductor, ε0 is the vacuum permittivity, ε r is the relative permittivity, q is the 
unsigned charge on an electron, ϕb is the barrier height, Vn is the voltage difference between 
the potential of the Fermi level and the potential of the conduction-band edge of the n-type 
semiconductor in the bulk, kb is Boltzmann’s constant, T is the temperature in K, and Vapp 
is the difference between the applied potential and the redox potential of the solution.  
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Figure S1. a) XRD of NTA electrodes. b) Enlarged XRD spectrum of (101) diffraction 
peaks. It is shown that pristine, blue, and black NTA are all in anatase phase with the 
preferential exposure of (101) plane. Cobalt doping did not affect the crystal phase, but it 
decreases the diffraction intensity of (101) plane. 
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Figure S2. a) Stability tests of black NTA electrodes doped with NiOx, FeOx, and various 
amounts of CoOx in 30 mM KClO4 at 10 mA cm-2. Numbers shown in the bracket are the 
molar loading of the corresponding element in µmol/cm2. Dipping Amp-NTA into 250 mM 
Ni(NO3)2 and Fe(NO3)3 ethanol solution followed by H2 annealing gave Ni loading of 0.63 
µmol/cm2 and Fe loading of 0.54 µmol/cm2, respectively. b) Pourbaix diagrams of NiOx, 
FeOx, and CoOx obtained from Materials Project (https://materialsproject.org). 
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Figure S3. a & b) SEM-EDS images of NTA electrodes. in which Co rich areas are 
marked in red. c) Cross-section image of Co-Black shows that no particulate cobalt oxide 
is attached on tube wall. 
 
 
 
Figure S4. SEM-EDS line scan of Co-Black NTA electrode a) along with or b) 
perpendicular to the tube length. The lower panels show the overall EDS spectrum. 
Electrodes were characterized after CV analyses in KPi. Therefore, in addition to Co, K 
and P signals were also detected. 
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Figure S5. a) TEM image focusing on tube wall of Co-Black. b) Illustration of relative 
positions of the (101) plane, growth direction of nanotube, and incident X-ray in XRD 
analyses. c) Line scan of randomly selected broken nanotubes under HAADF-STEM mode. 
Yellow line shows the scan direction. d) Line scan signals as a function of scan length. The 
Co signal are enlarged ten times in Figure S4c for comparison with Ti signal. 
 Figure S5a shows the TEM image of the wall of a single Co-Black nanotube. The 
preferential exposure of the (101) plane is observed. The (101) plane is not strictly in 
parallel with tube growth direction. Therefore, as schematically shown in Figure S5b, 
there are chances that the incident X-ray is perpendicular to the (101) plane, resulting in 
the reflection of X-ray that can be detected by XRD. It is also reported that NTA’s 
usually contain small anatase grains with random orientations.10 Their (101) planes can 
be detected by XRD as well. With all above considered, the strongest (101) plane signal 
of Co-Black in the XRD analysis can be explained (Figure S1). 
 An EDS line-scan was performed at some randomly selected broken tubes under 
HAADF-STEM mode (Figure S5c). No particulate cobalt oxide was found. The 
variation of Co signal is roughly coherent with that of Ti signal (Figure S5d), indicating 
that Co ions were immobilized on the tube wall. 
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Figure S6. a) TEM-EDS mapping of Co-Black nanotube. b) EDS spectrum of selected 
area in Figure S6a. The atomic ratio of O: Ti: Co is quantified as 69.4: 30.0: 0.6. 
 The scattered dark dots on nanotube shown in Figure S6a represent the porous inner 
wall, which are also observed in previous study.11 The EDS mapping clearly shows the 
well dispersion of Co element. No particulate CoOx could be found.  
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Figure S7. a) I–V characteristics of two-point solid-state measurements. b) Resistance of 
NTA electrodes.  
 The typical I-V characteristic of conductors should be a straight line. However, curves 
are found in the I-V functions of conductive NTA samples, indicating their semi-metallic 
properties.12  Nevertheless, resistances were calculated from the force-zero regression line 
of I-V curves (R=V/I). Although these approaches may not yield entirely reliable values 
(in absolute terms), the results are still useful for the comparison of conductivity. 
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Figure S8. a & b) ElS spectra of NTA electrodes obtained at 0 V versus Pt wire reference 
electrode. Dash lines are the fitting results based on Randles circuit. c &d) Mott-Schottky 
plots of NTA electrodes.  
 The fitting of EIS spectra by Randles circuit gives the charge transfer resistance (Rct) 
shown in Figure S8 a and b. The lower Rct indicates a higher electrochemical activity 
towards Faradaic reactions. More than ten times reduction of Rct was observed on blue, 
black and Co-Black NTA, implying the significant improvement of conductivity at the 
electrode/electrolyte interface.  
 Mott-Schottky plots illustrating the variation of Cdl as a function of potential are shown 
in Figure S8 c and d. The pristine NTA shows a clear capacitance-voltage dependence, 
evidencing the existence of space charge layer within n-type semiconductor. In contrast, 
such dependence is insignificant on conductive NTA electrodes. This means their 
capacitance is solely contributed by the Helmholtz layer at the solid-liquid interface. The 
elimination of the space charge layer at the electrode side suggests that conductive NTA 
electrodes have semi-metallic properties. 
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Figure S9. XPS spectra of a) Ti 2p and b) Co 2p orbitals. 
 The Ti 2P3/2 peak of NTA has a binding energy of 458.9 eV, highlighting its Ti4+ 
character.13 Cathodization (blue NTA) and hydrogen reduction (black NTA) render 
insignificant change of Ti state. This is probably due to a large fraction of surficial Ti3+ 
sites that can be readily oxidized in ambient air. It is found that Co doping reduces the 
Ti oxidation state on Co-NTA. Even lower Ti oxidation states were observed on Co-
Black.  
 Co(NO3)2 was loaded on Am-NTA via dip coating. The peak of Co 2p3/2 orbital of 
Co/Am-NTA located at 781 eV. This value can be used as a reference for Co2+ state. 
The thermal decomposition of Co(NO3)2 in air at 450 °C produced Co3O4, of which Co 
2p3/2 orbital located at 780 eV, indicating the mixed +3/+2 states.14 Annealing Co/Am-
NTA in air and 5% H2/Ar produced Co-NTA and Co-Black NTA respectively. 
Interestingly, Co species on these samples remained in 2+. 
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 Figure S10. Deconvolution analyses of O 1s XPS spectra. 
 Peaks centered at 530-531 eV and 532-533 eV can be assign to lattice oxygen and 
hydroxyl group, respectively.15-16 Peak located at 531 eV is assigned to adsorbed 
oxygen (O22- or O-),17-18 which are originated from the dissociative adsorption of 
molecular oxygen on surficial Ov.19  The filling of Ov by adsorbed oxygen could result 
in the oxidation of neighbor Ti3+, which explain the lack of a strong Ti3+ signal in 
Figure S9. More importantly, the adsorbed oxygen could serve as an indirect 
measurement of native Ov. Via peak deconvolution, it is found that the relative 
concentrations of surficial Ov of Co-black (25%), black (22%) and blue (17%) NTA are 
higher than that of pristine NTA (12%).  
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Figure S11. The comparison of Tafel Plots of C-DSA, Co(OH)x/Ti, and Co**-Black 
electrodes in 1 M KOH electrolyte. 
 
 
 
S14 
  
 
 
Figure S12. SEM-EDS image of a) defective and b) flawless area of Co*-Black NTA 
electrode. The defective area was created by scratching the Co*-Black electrode with 
scalpel blade. The underneath Co-Black substrate is exposed. c) SEM image of Co**-
Black. Increasing the Co loading from 2.1 µm cm-2 for Co*-Black to 4.2 µm cm-2 for 
Co**-Black does not change the morphology of the top CoOx film. 
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Figure S13. XRD of Co-Black, Co*-Black, and Co**-Black electrodes. The overall 
peak intensity of Co*- and Co**-Black is lower than that of Co-Black due to the 
surface coverage of CoOx film. No peak other than that of Ti metal and anatase can be 
found on Co*-Black and Co**-Black, indicating that the atop CoOx film is 
amorphous. 
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Figure S14. XPS spectra of a) Co 2p and b-c) O1s orbitals. 
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Figure S15. a-c) Cyclic voltammograms at 8 different scan rates: 5, 10, 25, 50, 100, 
200, 400, and 800 mV s-1. d) Capacitive currents as a function of scan rate. 
 The electrochemically active surface area of electrode was estimated by measuring 
the double-layer capacitance (Cdl). Figure S15d shows the capacitive currents as a 
function of scan rate. The slop of each line gives the Cdl.20 
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Figure S16. Anodic stability of CoOx/Ti and Co**-Black electrodes in 1 M KOH at 
10 mA cm-2. The CoOx/Ti electrode gradually deactivates as indicated by the increase 
of anodic potential. Co**-Black shows no sign of deactivation over the timeframe 
investigated. 
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Figure S17. a) Chlorine evolution activity in 30 mM NaCl. b) hydroxyl radical 
production measured by electrochemical oxidation of benzoic acid. c) direct oxidation 
efficiency measured by electrochemical oxidation of oxalate ion. A constant current of 
10 mA cm-2 was employed in the above tests.	 
 
 Hydroxyl radical can be generated during water electrolysis. Figure 2c indicates 
that the anodic potentials reach 2.4-2.7 VRHE which is considered as a thermodynamic 
criterion for ·OH generation.21 Benzoic acid (BA) was selected as a radical probe 
compound (r·OH = 5.90 × 109 M-1 s-1). Faster degradation kinetics observed on Co-Black 
compared to IrO2 indicates Co-Black has a higher activity toward ·OH generation than 
IrO2 (Figure S17b). The direct electron transfer (DET) mechanism can also contribute 
to the oxidation of organic compounds. Oxalate ion selected to investigate the DET 
activity, as it is known to reactive via DET due to surface complex formation, but at 
the same time, oxalate reacts slowly with  ·OH (r·OH = 1.4 × 106 M-1 s-1) compared to 
typical hydroxyl radical second-order rate constants.22-23 Figure S17c indicates that Co-
Black also shows higher DET activity than the corresponding IrO2 electrode. 
 Co(0.17)-Black NTA electrode shows comparable activity with Co-Black NTA 
with regard to chlorine evolution, radical production, and DET reaction. Thus only Co-
Black is subjected to the following test of wastewater treatment. 
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Table S1. Parameters and OER performance of electrocatalysts. 
Catalyst Substrate/ 
cocatalysta 
Electrolyte ECSAb 
(cm2)  
RFc η at 1 
mA/cm2 
(mV) 
η at 10 
mA/cm2 
(mV) 
Ref. 
CoOx Black NTA 1 M KOH 3210 535 289 352 This study 
Co(OH)x Ti 1 M KOH 4 4.1 319 480 This study 
Co(OH)x GC 1 M KOH  10  400 20 
CoOx Graphene 0.1 M KOH    294 24 
Co@Co3O4 NC  1 M KOH    420 25 
Spinel Co3O4 FTO 1 M KOH    390 26 
CoxOy NC 0.1 M KOH    430 27 
CoOx LDH GC 1 M KOH    393 28 
Co3O4 nanosheet GC 1 M KOH    390 29 
Co3O4 NW GC 1 M KOH   320  30 
a NC: nitrogen-doped carbon; GC: glassy carbon. 
b Electrochemical surface area. 
c Roughness factor (RF) = ECSA/geometric area. 
  The ECSA of Co**-Black NTA and Co(OH)x/Ti electrodes prepared in this study is 
calculated by  
ECSA = (Cdl×A)/Cs 
Where the double layer capacitance Cdl is obtained from Figure S15; A is the geometric 
area of electrode (6 cm2); the specific capacitance of Cs = 0.04 mF cm-2 is reported by 
McCrory et al.20 
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